Introduction: Transplant glomerulopathy (TG) becomes increasingly prevalent in kidney transplant recipients over time, and it is strongly associated with allograft failure. To date, our prognostic biomarkers and understanding of the processes of immunologic injury in TG are limited.
T ransplant glomerulopathy (TG) is characterized by the pathologic finding of duplication of the glomerular basement membrane on light or electron microscopy. A diagnosis of TG strongly predicts kidney allograft failure. 1À4 Transplant glomerulopathy results from chronic repetitive injury to the glomerular endothelium, and, in most cases, this process is attributed to alloimmune injury due to recurrent episodes of antibodymediated rejection (ABMR). However, a significant proportion of cases of TG may be the result of other nonalloimmune processes that are injurious to the glomerular endothelial cells. Some such proposed mechanisms include injury from acute cellular rejection, thrombotic microangiopathy, autoantibodies, and hepatitis C virus. The cumulative incidence of TG increases over time, with up to 20% of allograft biopsy specimens demonstrating TG within 5 years after transplantation. 5 The incidence of TG is reportedly greater (up to 55% of patients) in certain high-risk populations such as positive crossmatch transplant recipients. 1 Recent studies have found that 38% of allografts fail within 5 years after the diagnosis of TG compared to only 5% in patients without TG. 6 To date, our understanding of the mechanisms of immune injury resulting in TG are limited, and no effective therapeutics have been shown to reverse the poor outcomes in TG. 7 The numerous gaps in our understanding of the pathogenesis of TG impede our ability to accurately diagnose, prognosticate, and treat patients with TG.
The importance of the complement system in TG was highlighted in a recent study. Intragraft gene transcripts demonstrated upregulation of complement cascade genes in TG with allograft loss compared to those with a functioning allograft. 8 Traditionally, the deposition of C4d, the inactive complement breakdown product of the classical pathway, on peritubular capillaries is used as an indicator of complement injury due to active ABMR. However, the usefulness of C4d in the chronic setting and in TG is not clear, as reports of C4d positivity in TG vary widely. 5 ,9À12 Similar to the inconsistencies in the presence of C4d in TG, many studies of patients with TG have found that up to 30% of these patients lack donor-specific antibodies (DSAs). 5, 13 These observations have led to theories about the involvement of other, as-yet undescribed immune mechanisms, such as other components of the complement cascade, in the glomerular injury of TG.
In prior studies, we demonstrated glomerular deposition of the complement protein C3 worsens native glomerular disease (focal segmental glomerulosclerosis and C3 glomerulonephritis). 14, 15 Others also have observed that complement activation can exacerbate progression of native glomerular disease. 16À18 Glomerular C3 deposition is well described in TG with a scarcity of IgG, IgA, and C1q deposition. 4 The significance of glomerular complement C3 deposition and whether or not it is associated with outcomes in TG are unknown. These observations have led us to question whether we are missing an important immunologic mechanism of glomerular injury and allograft destruction in TG. We hypothesized that patients with evidence of complement-mediated glomerular injury in TG are at higher risk for allograft failure. To test this hypothesis, we analyzed the association of glomerular complement C3 deposition with allograft failure in a cohort of patients with TG to determine its prognostic significance. 19 of a chronic glomerulopathy (cg) score of $1a. To meet the Banff criteria for a cg score of $1a, glomerular basement membrane double contours needed to be evident in $3 glomerular capillaries with associated endothelial cell swelling and/or subendothelial widening by electron microscopy or $1 nonsclerotic glomerular capillaries with double contour formation by light microscopy. Immunofluorescence staining on biopsy specimens was also required for study inclusion. Patients were excluded if the Banff cg score was 0 or if the biopsy specimen lacked immunofluorescence.
MATERIALS AND METHODS

Clinical Data and Definition of Primary Outcome
Data were obtained from the Wisconsin Allograft Recipient Database (WisARD). Date of biopsy that first demonstrated a cg score $1a was used as the date of diagnosis of TG. The primary outcome was allograft failure following a biopsy diagnosis of TG. Allograft failure was defined as the combined endpoint of re-transplantation, return to dialysis, or patient death. Patients were followed until graft loss (re-transplantation or return to dialysis), death, or last available follow-up. Laboratory data (serum creatinine, urine protein-to-creatinine ratio, and DSAs) were obtained at the date of biopsy. Estimated glomerular filtration rate was determined from the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. 20 Data were extracted on maintenance immunosuppression and angiotensin-converting enzyme inhibitor or angiotensin receptor blocker use at the time of biopsy. Data were obtained on treatment for ABMR within 1 month of the biopsy diagnosis date.
Analysis of Allograft Pathology
Allograft biopsy was performed for clinical indication (increase in serum creatinine and/or proteinuria). Fixed sections of allograft tissue were stained with hematoxylin and eosin, periodic acidÀSchiff, and Masson's trichrome stain for pathologic analysis. C4d staining was performed by immunohistochemical stain on frozen sections. Pathologic assessment of all allograft biopsy specimens was analyzed by clinical renal pathologists. Pathologic diagnosis and scoring of Banff criteria were performed using the Banff consensus guidelines for transplant pathology using the defined criteria for scoring on a scale of 0 to 3.
19 Microvascular inflammation was calculated from the sum of peritubular capillaritis and glomerulitis scores (microvascular inflammation score range 0À6). Chronicity score was calculated from the sum of chronic glomerulopathy, interstitial fibrosis, tubular atrophy, and vascular fibrous intimal thickening scores (chronicity score range 0À12). Immunofluorescent staining of C1q, C3, IgA, IgM, and IgG was performed on frozen sections. Clinical renal pathologists performed qualitative assessment of the degree of immunofluorescent staining of C1q, C3, IgA, IgM, and IgG on allograft biopsy specimens. The degree of immunofluorescent stain intensity was reported on a scale of 0 to 3, with 0 representing negative staining; 1, low-intensity staining; 2, medium-intensity staining; or 3, high-intensity staining.
Protocol for Treatment of Antibody-Mediated Rejection Antibody-mediated rejection treatment protocols at our institution were performed as previously described. 21, 22 Briefly, treatment is based on both the severity and time after transplantation of the rejection episode. Rejection diagnosed >3 months after transplantation is treated with dexamethasone, 100 mg i.v. with taper, and i.v. Ig, 200 mg/kg i.v. every 2 weeks Â 3. Rituximab, 375 mg/m 2 i.v. single dose, is added based on clinical characteristics. Clinical characteristics of patients more likely to receive rituximab include younger age, better kidney function, higher DSA, diffuse C4d, greater microvascular inflammation, and lower chronicity score. Baseline immunosuppression is also increased by 25%. Maintenance immunosuppression regimen is triple therapy with tacrolimus (12-hour trough goal 5À7 ng/dl at 6 months following transplantation), mycophenolic acid 720 mg twice daily, and prednisone 5 mg daily. Immunosuppression doses are adjusted if adverse events occur.
Statistical Analysis
Continuous variables were expressed as the mean with SD or as median with interquartile range, as appropriate. Comparisons between groups were performed using t tests and KruskalÀWallis tests. Categorical variables were expressed as frequencies with proportions and compared between groups using c 2 or Fisher exact tests. Time-toevent data estimates were obtained using KaplanÀMeier curves and log-rank test. Cox proportional hazard models were used to assess hazard ratios and 95% confidence intervals between patient or biopsy specimen characteristics with the composite primary outcome of allograft failure. Then sequential adjustment of parameters with P < 0.05 was used in a stepwise fashion in a multivariable Cox regression model to assess the independent association of patient or biopsy specimen characteristics with the composite endpoint of allograft failure. Validity of proportional hazards assumptions were tested using Schoenfeld residuals. Two-sided P values <0.05 were considered statistically significant. All analyses were performed using MedCalc, Version 18.5 (MedCalc Software, Ostend, Belgium) or Stata Statistical Software, Release 13 (StataCorp, College Station, TX).
RESULTS
Demographic and Clinical Characteristics at Time of Transplant
Of the 1154 kidney transplant recipients who underwent allograft biopsy between the years 2011 to 2014, 111 patients (10%) were diagnosed with TG ( Figure 1 ). The median time from transplantation to the biopsy diagnosis of TG was 8.3 years (range 4 months to 32.3 years). Transplant glomerulopathy was defined as chronic glomerulopathy (cg) score $1a based on Banff consensus guidelines. 19 Of the 111 patients diagnosed with TG, 8% (n ¼ 9) had a cg score of 1a; 31% (n ¼ 34) had a cg score of 1b; 16% (n¼18) had a cg score of 2; and 45% (n ¼ 50) had a cg score of 3. The mean age at time of biopsy diagnosis of TG was 51.3 AE 12.9 years ( Table 1) . The major causes of end-stage renal disease (ESRD) included diabetic nephropathy or glomerulonephritis. 
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The majority of patients were white and male, and only 2% were hepatitis C positive. Patients had a mean of 3.7 AE 1.5 human leukocyte antigen (HLA) mismatches. The majority of patients received basiliximab (45%) as an induction agent. The cohort of 111 patients with TG was stratified according to C3 deposition on biopsy specimens as either C3-negative TG ( C3À TG, C3 score of 0 on immunofluorescent staining, n ¼ 65) or C3-positive TG ( C3þ TG, C3 score of $ 1 on immunofluorescent staining, n ¼ 46). There were no significant differences between C3À TG compared to C3þ TG in terms of age, sex, race, cause of ESRD, hepatitis C status, donor status, sensitization, number of HLA mismatches, or induction regimen (Table 1) .
Clinical Characteristics at Time of Biopsy Diagnosis of Transplant Glomerulopathy
At time of biopsy diagnosis of TG for the overall cohort (n ¼ 111), the mean serum creatinine was 2.2 AE 0.9 mg/ dl, the median degree of proteinuria was 2.0 [0.9À3.4] g/g, and 71% of TG patients were DSA positive ( (Table 3) . When stratified by glomerular C3 deposition, the Banff scores for chronic glomerulopathy (cg), C4d deposition, glomerulitis, and the chronicity score were not significantly different between C3À TG and C3þ TG (Table 3 ). Pathologic diagnoses of thrombotic microangiopathy or chronic active ABMR, as defined by the Banff criteria, 19 were also not Glomerulonephritis diagnoses (n ¼ 39): IgA nephropathy (n ¼ 12), membranous nephropathy (n ¼ 6), lupus nephritis (n ¼ 6), antineutrophil cytoplasmic antibody vasculitis (n ¼ 3), focal segmental glomerulosclerosis (n ¼ 3), hemolytic uremic syndrome (n ¼ 2), Alport syndrome (n ¼ 1), chronic glomerulonephritis (n ¼ 5), and thin basement membrane (n ¼ 1). TG 0.4 AE 0.6, P < 0.0001). Deposition of IgM was also greater in C3þ TG compared to C3À TG ( C3þ TG: 1.8 AE 0.8 vs. C3À TG: 1.1 AE 0.8, P < 0.0001). Representative images of the typical pathologic features observed in transplant recipients with TG are shown in Figure 2 . Double contour formation of the glomerular basement membrane is evident by light microscopy (blue arrows), and glomerular deposition of C3 was observed in regions of the glomerular capillary loops and mesangium (Figure 2a and b) . Glomerular C3 deposition was located primarily in glomerular capillary walls (70% of C3þ TG) ( Table 4 ). C3 deposition was in a focal segmental pattern with a granular quality (Table 4) . Glomerular C3 deposition correlated with IgM (R 2 ¼ 0.47, P < 0.0001) and also correlated with glomerular C1q deposition (R 2 ¼ 0.42, P < 0.0001).
The proportion of glomeruli with global glomerulosclerosis for the entire cohort with TG was 18% (Supplementary Table S1 ). Global glomerulosclerosis was similar between C3À TG compared to C3þ TG (16% vs. 22%, respectively, P ¼ 0.12, Supplementary  Table S1 ).
C3 Deposition Was Associated With Allograft Failure in Transplant Glomerulopathy
Overall, 72 (65%) of the 111 transplant recipients with TG reached the primary outcome of allograft failure after a biopsy diagnosis of TG over a median follow-up time of 3.0 years (range 1 day to 6.7 years). The proportion of transplant recipients with uncensored graft failure was significantly greater in the C3þ TG group compared to C3À TG (78% vs. 55%, P ¼ 0.01) (Figure 1 ). KaplanÀMeier survival analysis found a significantly greater proportion of patients with uncensored allograft failure in C3þ TG compared to C3À TG (P ¼ 0.008) (Figure 2c ). KaplanÀMeier analysis performed for death-censored allograft failure also demonstrated a significantly higher proportion of allograft failure in C3þ TG compared to C3À TG (P ¼ 0.03). When C3 deposition was stratified by intensity of deposition on biopsy specimens, patients with a higher C3 score had a greater proportion of patients with allograft failure compared to those with less C3 deposition (P ¼ 0.05) (Figure 2d) .
A Cox proportional hazards model was used to test the association between the baseline characteristics, clinical characteristics at time of diagnosis of TG, and histologic characteristics with allograft failure in TG. 41 , P ¼ 0.0001) remained independent risk factors for allograft failure in TG after adjustment for all of the predictors significantly associated with allograft outcomes (C3, arteriolar hyaline thickening, tubulitis, chronic interstitial fibrosis, tubular atrophy, vascular fibrous intimal thickening, and chronicity score). The same multivariate analysis was performed for death-censored graft failure, which also demonstrated C3 deposition (aHR ¼ 1.56, 95% CI ¼ 1.21À1.99, P ¼ 0.0005) and chronicity score (aHR ¼ 1.35, 95% CI ¼ 1.17À1.56, P < 0.0001) were independently associated with allograft failure in TG. Proportional hazards test did not violate the proportional hazards assumption by Schoenfeld residuals (P > 0.14). Tubulitis was associated with a reduced risk of allograft failure on univariate analysis; however, this was not retained in multivariate analysis. Baseline characteristics and clinical characteristics at time of biopsy were not associated with allograft failure in the cohort of transplant recipients with TG. If the 2 groups, cg (with DSA-, C4d-, mvi-) and cg (with DSA not available, C4d-, mvi-), were removed from the risk assessment for allograft failure, there was an 18% higher risk of allograft failure associated with C3 deposition by univariate analysis (HR ¼ 1.18, 95% CI ¼ 0.95-1.47, P ¼ 0.1).
KaplanÀMeier survival curves demonstrated the proportion of transplant recipients with allograft failure was not significantly different between those positive compared to negative for C1q deposition (P ¼ 0.51), peritubular capillary C4d deposition (P ¼ 0.99), class I DSA (P ¼ 0.56), or class II DSA (P ¼ 0.51) (Figure 3 ).
DISCUSSION
We found that glomerular C3 deposition was associated with allograft failure in kidney transplant recipients with TG. This association was independent of other demographic, clinical, therapeutic, and histologic characteristics (with the exception of chronicity and arteriolar hyalinosis). In addition, with greater intensity of glomerular C3 deposition, there was a The involvement of the complement system in antibody-mediated glomerular injury has been appreciated since the 1960s. 23, 24 More recently, researchers have demonstrated the importance of complement activation and the presence of glomerular C3 deposition in a multitude of native glomerular diseases including focal segmental glomerulosclerosis (FSGS), 14 IgA, 16, 25, 26 membranous nephropathy, 17 antineutrophil cytoplasmic antibody (ANCA)Àassociated crescentic glomerulonephritis, 27 postinfectious glomerulonephritis, 28 lupus nephritis, 18 and C3 glomerulopathy. 15, 29, 30 In this study, we found evidence that glomerular C3 deposition is an independent risk factor for allograft failure in TG. Why the glomerulus is uniquely susceptible to complement-mediated injury in native kidney disease and in kidney transplantation is an area of active investigation. All resident renal cells express complement regulatory proteins on their surface. 31, 32 As evidenced by the numerous glomerular diseases in which complement plays an injurious role, it appears that the regulatory ability of these molecules can often be overcome or that the renal microenvironment allows for local activation. 33, 34 Complement activation, endothelial cell injury, and inflammatory cell infiltration lead to the structural remodeling seen in TG. Recent advances in the study of glomerular disease support moving beyond standard descriptive histopathology to incorporate disease pathogenesis into a clinically relevant classification schema. 35 We propose C3 as a novel biomarker in TG with prognostic importance for long-term allograft survival. As a biomarker, C3 staining is readily available but not always used in the assessment of transplant biopsy specimens. Tissue staining for C3 typically detects the tissue bound complement fragment C3b, and therefore represents a global marker for complement activation of all 3 pathways of the complement system. Thus, C3 deposition in TG may represent either unchecked alternative pathway activation or ongoing antibody-driven complement activation through the classical pathway.
In our study, glomerular C3 but not peritubular capillary C4d deposition corresponded to a greater risk of allograft failure in TG. Similarly, a recent study in TG found that intragraft gene transcripts associated with the complement cascade and endothelial cells were upregulated in patients with allograft failure. 
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However, the investigators found no differences in demographics or clinical variables (PRA, DSA, C4d) when comparing individuals with allograft failure to those with a functioning allograft in TG. 8 Also, support for our observations is demonstrated by mechanistic studies in animal transplantation models. In animal models of kidney transplantation 36 and of skin transplantation, 37 C3 deficiency prolonged allograft survival and attenuated T-and B-cell function. 37, 38 Taken together, these observations suggest that ongoing complement-mediated injury to the allograft may contribute to allograft loss. An association between C4d in peritubular capillaries and allograft failure in TG is noted in some, 6, 39, 40 but not all studies of patients with TG. 8, 11, 13 A wide variation in peritubular capillary C4d deposition is described in TG, with some studies reporting no C4d deposition and others up to 70% of biopsy specimens with C4d in TG. 4 ,5,10À12,41À44 Reasons for the variability of C4d staining includes peritubular capillary dropout and interstitial fibrosis in the chronic setting, and the transient nature of C4d staining on the peritubular capillary endothelium over days to weeks, as seen on repeat histologic assessment. 43, 45 The variability in C4d deposition likely contributes to the limitations of C4d as a diagnostic and predictive marker in the chronic setting. Similar to several previous studies, we observed that chronicity scores were associated with the risk of allograft failure in TG. 13, 46, 47 We also reported an association between arteriolar hyalinosis and graft failure, which was demonstrated in a prior study of TG. 47 The association of arteriolar hyaline thickening and poor graft outcomes may reflect chronic vascular injury from diabetes, hypertension, or calcineurin inhibitorÀrelated nephropathy. Some studies note an association between the presence of chronic active ABMR in TG and graft failure compared to isolated TG. 40, 48 We did not observe an association between chronic active ABMR in TG and allograft failure. This is likely due to differences between our study group and prior studies in terms of the duration of follow-up and the changes in the diagnostic criteria of ABMR and TG over various eras.
How complement inhibitors factor into the therapeutic realm in TG remains to be seen. Even in renal diseases mediated purely by the alternative complement pathway, such as C3 glomerulopathy, only a subset of patients respond to currently available complement inhibitors. 49 A recent study of high-risk (persistently elevated positive cross-match) kidney transplant recipients demonstrated that preventive therapy with the terminal complement inhibitor eculizumab failed to prevent TG at 2 years' time. 50 In contrast to our study in patients with established TG, the prior study focused on the prevention of TG. In addition, the glomerular deposition of C3 in that study's patient population is unknown, making it difficult to extrapolate findings. Upstream complement activity is not affected by eculizumab, and whether more proximal blockade of the complement system, at the level above C5, prevents TG or improves allograft survival warrants study.
There are several limitations of our study. Our study was observational in nature, and selection bias of patients who underwent biopsy is possible. To address this, we performed univariate and multivariate analysis of patient demographic and clinical data, and these variables were not found to have associations with allograft failure. We observed several differences between C3þ TG and C3À TG patient groups. Specifically, the C3þ TG group had more chronicity, worse kidney function, and higher level of proteinuria at the time of biopsy, and received less treatment for ABMR compared to the C3À TG group; we accounted for these differences using multivariate regression analyses.
In summary, our study found that glomerular C3 complement deposition is an independent risk factor for allograft failure in patients with TG after renal transplantation. The data presented in the current study can be applied to educate and to prepare patients and clinicians for the anticipated disease course in TG with and without glomerular C3 deposition. Future studies of C3 deposition in a prospective cohort of patients with TG are needed to determine whether C3 can be used as a predictive biomarker in earlier stages of TG. If validated, these findings will improve our understanding of the pathogenesis of TG and will help in the investigation of treatment strategies and clinical trials to improve longterm outcomes among patients with TG.
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